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Abstract—DC-DC converters are popular switch-mode 
electronic circuits used in power supply systems of many electronic 
devices. Designing such converters requires reliable computation 
methods and models of components contained in these converters, 
allowing for accurate and fast computations of their 
characteristics. In the paper, a new averaged model of a diode-
transistor switch containing an IGBT is proposed. The form of the 
developed model is presented. Its accuracy is verified by 
comparing the computed characteristics of the boost converter 
with the characteristics computed in SPICE using a transient 
analysis and literature models of a diode and an IGBT. The 
obtained results of computations proved the usefulness of the 
proposed model. 
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I. INTRODUCTION 
ODERN power electronic devices typically include DC-
DC converters [1]. One of the most popular types of these 
converters is a boost converter. In this converter output voltage 
is higher than input voltage. A diagram of this converter is 
shown in Fig. 1. 
 
Fig. 1. Diagram of a boost converter 
Designing DC-DC converters requires reliable methods of 
computer simulations [1]. Investigations on methods of 
modelling and simulation models of components of DC-DC 
converters have been conducted since programmes dedicated to 
computer simulations of electronic circuits has appeared in the 
seventies [2-4]. Also since publication of the first articles on 
simulation of DC-DC converters were published, many 
scientists have been working on methods, that allow fast 
computing of their DC and frequency characteristics in such a 
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class of electronic circuits, as well as waveforms of currents and 
voltages [5, 6].  
To be able to use the developed models to simulate operation 
of electronic circuits, it is necessary to use one of the simulation 
programmes dedicated to the analysis of electronic circuits. Due 
to the ease of implementation of any models, SPICE 
(Simulation Program with Integrated Circuit Emphasis) is 
typically used for this purpose [7, 8]. 
DC-DC converters operate in the switch-mode and they need 
the external control signal in the form of rectangular pulses train 
with the regulated duty cycle. Therefore, a transient analysis of 
such converters is typical. On the other hand, it is impossible to 
perform correctly DC or AC analysis of these circuits. Points 
required to obtain dependences between currents and voltages 
in these converters at the steady state or frequency-domain 
characteristics of these quantities can be obtained only using a 
transient analysis, but every single analysis carried out allows 
reaching only one point for DC or frequency-domain 
characteristics. Therefore, that way of computing characteristics 
of DC-DC converters is time-consuming – time of computations 
of one point can be equal even to a few days [3] for many models 
of transistors and diodes presented in the literature e.g. [9-11].  
The solution to this problem is to use for this analysis an 
averaged model of the diode-transistor switch which is 
contained in the DC-DC converters. This switch includes a 
diode and a transistor (MOSFET or BJT or IGBT etc.). Such 
models can be used for DC, AC and transient analysis [12, 13] 
and they make it possible to obtain current-voltage 
characteristics of the considered circuits at the steady state, 
small-signal frequency characteristics and waveforms of 
currents and voltages in these circuits.  
This way of modelling is based on the concept that a DC-DC 
converter can be analysed separately in two states of operation: 
when the transistor is turned on and simultaneously the diode is 
turned off (1st state) and when the transistor is turned off and 
simultaneously the diode is turned on (2nd state).  Both these 
states are described using separate subcircuits that depend on 
each other. Voltages and currents in these subcircuits are 
average values of these quantities occurring in the tested 
converter [12]. 
In the literature averaged models of a diode-transistor switch 
containing ideal switches [14, 15] or MOSFETs [16, 17, 18] are 
presented. However, the model of such a switch containing an 
IGBT has not yet been described. 
This paper proposes an averaged model of the diode-transistor 
switch containing an IGBT, which is used to model a boost 
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converter. The idea of formulating averaged models is 
described. The form of the developed model, the way of 
implementing this model into SPICE and the results of 
verification of correctness of this model used to determine 
characteristics of a boost converter are presented. 
II. SWITCHES WITH DIFFERENT SEMICONDUCTOR DEVICES 
Since the first applications of the concept of averaged models 
for modelling DC-DC converters in the 1970s, there have been 
significant changes both in terms of switching elements used 
and their parameters. When the first articles on this subject were 
published, thyristors reigned in the world of power electronics, 
and a bipolar transistor just appeared in lower power 
applications. In the eighties the first publication on IGBTs 
appeared [19], and already in the mid-nineties, they replaced 
bipolar transistors in power electronics applications [20].  
Expansion of IGBTs is still ongoing - low power thyristors are 
being replaced by IGBTs and other transistors made of wide-
band gap materials, and in low power applications, MOSFETs 
are commonly used [21].  
In numerous papers averaged models formulated for 
converters containing a MOSFET [16, 17, 18] or an ideal switch 
[14, 15] are described. As it is known, characteristics of an ideal 
switch, a MOSFET and an IGBT are significantly different [1], 
so the use of averaged models from the papers [16, 17, 18] or a 
model of an ideal switch [14, 15], is not suitable for modelling 
converters with an IGBT.  
Output characteristics at a high value of the control signal [22] 
for the following electrical switches: an ideal switch, a 
MOSFET and an IGBT are compared in Fig. 2. 
 
Fig. 2. Output characteristics of selected electrical switches 
As it is visible, for the ideal switch a voltage drop is equal to 
zero, whereas output characteristics of the MOSFET and the 
IGBT differ significantly between one other. In the case of the 
MOSFET this characteristic is nearly linear. This is due to the 
non-zero value of its drain-source on-state resistance. In 
contrast, dependence of output current of the IGBT on its output 
voltage is strongly non-linear. It is worth noting that in a low 
current range, a lower voltage value at output terminals is 
observed in the MOSFET than in the IGBT. In turn, a smaller 
voltage drop at the output of the IGBT is observed for high 
currents. 
The presented differences in the courses of output 
characteristics of the considered devices justify elaboration of 
averaged models of a diode-transistor switch including an 
IGBT. Such a model is described in the next section.  
III. THE FORM OF THE MODEL 
The developed model of a diode-transistor switch is based on 
the concept described in the paper [13]. Its properties have a key 
impact on both DC and frequency characteristics of a DC-DC 
converter [16]. The structure of a diode-transistor switch (DTS) 
with an IGBT is shown in Fig. 3. 
 
Fig. 3. Diagram of a diode-transistor switch 
The circuit shown in Fig. 3 consists of two subcircuits: an 
input circuit containing an IGBT and an output circuit 
containing a diode. Currents and voltages in these circuits are 
mutually dependent, and their values depend also on the other 
components of the power electronic circuit including the 
considered DTS connected to terminals 1-5.  
The network representation of the diode-transistor switch 
model with an IGBT is shown in Fig. 4. 
 
Fig. 4. Network representation of the elaborated averaged model of a diode-
transistor switch 
Values of currents I1 and I2, as well as voltages V1 and V2 in 
the circuit shown in Fig. 4 are the average values of the diode 
and the transistor voltages and currents. In turn, the control 
signal in this model is represented by two parameters - 
frequency f and the duty cycle d. These parameters are used to 
describe controlled sources ER, ET, and GD. The connected in 
series controlled voltage sources ER and ET model a voltage drop 
between the transistor output terminals. The controlled current 
source GD models the diode current. Output values of these 
sources are entered with the elaborated formulas using the 
concept presented in the papers [12]. According to this concept, 
in each period of the control signal, current flows through the 
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transistor for a time equal to d·T, and through the diode - for a 
time equal to (1-d)·T, wherein T is the period of the control 
signal. The diode current-voltage characteristic and transistor 
output characteristic are described by piece-wise linear 
functions. Taking into account these assumptions, the following 






































=  (3) 
where: VD is the forward voltage of the diode at zero current, RD 
–series resistance of the diode, VIGBT - output voltage of the 
IGBT at collector current equal to zero, RIGBT - series output 
resistance of the IGBT. 
The practical use of this model requires estimation of 
parameters values existing in this model. For example, this 
estimation is performed for the IGBT of the type IRG4PC40UD 
and for the diode of the type UJD06520K. As input data the 
characteristics of such devices computed with the use of SPICE 
and models given in the papers [6, 9] are used.  
Values of the model parameters obtained by matching piece-
wise linear models of considered devices to characteristics 
computed using models from papers [6, 9] are given in Table 1. 
 
TABLE I  
VALUES OF PARAMETERS OF THE DTS MODEL  
VIGBT [V] RIGBT [m] VD [V] RD [m] 
0.95 70 0.974 33.1 
In Figs. 5 and 6 characteristics of the diode (Fig. 5) and the 
IGBT (Fig. 6) obtained with the use of models given in the 
papers [6, 9] (points) and with the use of piece-wise linear 
models of parameters given in Table 1 (solid lines) are 
compared. 
 
Fig. 5. Verification of correctness of modelling characteristics of the diode 
with the use of a piece-wise linear model 
As it is visible, the developed DTS model enables modelling 
in a simple way by using the piece-wise linear function, DC 
characteristic of the diode and output characteristics of the 
transistor at a high value of the control signal. The discrepancy 
between the results obtained using the literature models and the 
elaborated DTS model in the range of conducted currents above 
1 A does not exceed 1%. The possibility of using such a simple 
model of both the considered components results from their very 
good parameters, e.g. the emission factor N of the considered 
diode, which strongly affects non-linearity of the characteristic, 
is approximately 1, which means that it is close to ideal. 
 
Fig. 6. Verification of correctness of modelling output characteristics of the 
piece-wise linear model of the considered IGBT  
IV. RESULTS 
In order to verify usefulness of the model presented in Section 
II, it is necessary to verify correctness of the computations 
performed using this model. The elaborated DTS model is 
dedicated to compute characteristics of circuits containing such 
a switch. The boost converter [1] shown in Fig. 1, which 
contains such a switch is arbitrarily chosen for investigations. 
Fig. 7 shows the network representation of a boost converter 
model using the elaborated DTS model. The additional resistor 
R1 is placed in the network due to formal requirements of SPICE 
programme. Its resistance is equal to 1  
 
Fig. 7. Network representation of the elaborated model of a boost converter 
using the DTS model 
In the further part of this section some results of computations 
performed with the use of the averaged DTS model and DC 
analysis (denoted by solid lines) with the results of 
computations performed with the use of a transient analysis of 
the boost converter and models of the diode and the IGBT given 
in the papers [6, 9] (denoted with points) are discussed.  
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Figs. 8 - 11 show characteristics of the boost converter 
computed using the two considered models. In both cases, it is 
assumed that L and C components contained in the converter are 
lossless. In addition, in these figures the results of computations 
made for the boost converter, in which all the components, 
including connectors, are lossless are marked by black dashed 










All the computations were made for a relatively low input 
voltage equal to 10 V. Such a low value of this voltage was 
chosen to ensure visibility of the effect of losses in the transistor 
in the presented figures. Switching frequency f = 20 kHz of the 
converter was selected in such a way that it falls within the range 
typical for an IGBT. Fig. 8 presents output characteristics of a 
boost converter with an IGBT. 
 
Fig. 8. Computed output characteristics of a boost converter  
As it is visible in Fig. 8, the developed averaged model with 
good accuracy models output characteristics of the considered 
converter. Particularly good agreement between the results of 
computations is achieved in the range of small currents - below 
2.5 A. Above this value, the relative error of determining output 
voltage increases with output current reaching the maximum 
value of 10% at output current of 23 A. For the same value of 
output current, the relative error of determining the value of 
output voltage with the use of the formula (4) exceeds 30%. 
Fig. 9 shows dependence of watt-hour efficiency of the boost 
converter on its output current. Watt-hour efficiency is defined 
as the quotient of the averaged value of the product of output 
current and output voltage as well as the averaged value of the 










=  (5) 
It can be seen in Fig. 9 that discrepancies between the results 
of computations made with the two models increased 
significantly. Probably, this is due to the fact that in the averaged 
model the duration time of the switching process of the 
transistor is omitted. This process is taken into account in the 
transient analysis. This is the reason why the converter input 
current obtained for computations using the literature models is 
greater than the value of this current obtained for computations 
made using the averaged model of the DTS. This is also the 
cause of the discrepancy between the results of computations 
performed using the considered models. 
 
Fig. 9. Computed dependences of watt-hour efficiency on output current of a 
boost converter  
Fig. 10 shows dependence of output voltage of a boost 
converter on the duty cycle of the control signal. 
 
Fig. 10. Computed dependences of output voltage on the duty cycle of the 
control signal of the IGBT 
As can be seen, according to the computations performed with 
the use of the formula (4), the obtained dependence is a 
monotonically increasing function. In contrast, for both the 
other models one can observe a maximum for d lying in the 
range between 0.8 and 0.9. The discrepancy between the results 
of computations obtained using the averaged model and with the 
use of a transient analysis is an increasing function of the duty 
cycle. The considered decrease in accuracy results from a 
significant deterioration in accuracy of losses computations in 
the diode contained in the boost converter. This problem is 
analysed in detail in the paper [23]. 
Fig. 11 shows dependence of watt-hour efficiency of the 
considered converter on the duty cycle. 
As it is visible in Fig. 11, the developed averaged model with 
good accuracy models dependence of watt-hour efficiency on 
the duty cycle in a range, in which it does not exceed 0.7. Above 
this value, discrepancies in computations using both the models 
significantly increase. 
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Fig. 11. Computed dependences of watt-hour efficiency on the duty cycle of 
the control signal of the IGBT 
An important advantage of the averaged model is a short 
computation time. For example, the duration time of 
computations on a personal computer with an Intel i7 processor 
of the characteristic shown in Fig. 8 using the averaged model 
is equal to 50 ms. In the case of computations of this 
characteristic using the considered literature models and a 
transient analysis computations take up to 14 days. Thus, using 
the averaged model, it is possible to reduce duration of 
computations by up to a million times. 
V. CONCLUSION 
The paper presents the averaged model of a diode-transistor 
switch dedicated to the analysis of DC-DC converters 
containing an IGBT. In the considered model new formulas 
describing dependences between voltages and current in the 
considered circuit are proposed. These dependences are 
formulated on the basis of piece-wise linear approximation of 
DC current-voltage characteristics of the diode and output 
characteristics of the IGBT. This model is used to compute 
selected characteristics of a boost converter using DC analysis 
in SPICE. It was shown that the new model allows reducing the 
duration time of the computations by up to a million times in 
comparison to computations using a classical transient analysis 
and the literature models of a diode and an IGBT. 
Simultaneously, the new model allows for good accuracy of 
computations under various operating conditions of the 
considered converter. This accuracy is much better than for the 
averaged model of a diode-transistor switch including ideal 
switches. 
The formulated model can be useful for designers of switch-
mode power converters, because it allows them to compute 
characteristics of a DC-DC converter in a short time while 
maintaining good accuracy of computations. 
The elaborated model will be further developed to take into 
account other physical phenomena occurring in DC-DC 
converters that are important from the point of view of a circuit 
analysis. For example, influence of thermal phenomena on 
characteristics of components contained in this class of 
electronic circuits, influence of its parasitic capacitances on 
characteristics of selected DC-DC converters or converter 
operation in the mode other than the CCM (Continuous 
Conduction Mode) will be taken into account. 
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